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ABSTRACT: In this Perspective we propose our current point of view and a suggestive roadmap
on the field of high-resolution optical microscopy dedicated to bioimaging. Motivated by biological
applications, researchers have indeed devised an impressive amount of strategies to address the
diverse constraints of imaging and studying biological matter down to the molecular scale, making
this interdisciplinary research field a vibrant forum for creativity. Throughout the discussion, we
highlight several striking recent successes in this quest. We also identify some next challenges still
ahead to apprehend biological questions in increasingly complex living organisms for integrative
studies in a minimally invasive manner.
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■ INTRODUCTION
Biophotonics is a broad discipline involving gathering research
and applications of light science to the study, understanding,
and manipulation of biological matter. For several decades it
has been a mature field encompassing a variety of topics not
only driven by applications, but also often by technology. A
dynamic subfield of biophotonics concerns optical bioimaging,
the potential of which has yet to be fully exploited.
Vision is most likely our most prominent human sense and

benefits from diverse light−matter interactions, especially in
the visible wavelength range. This provides a rich representa-
tion of our remote environment. When it comes to vizualizing
living organisms, the nature of these interactions is based on
strong scattering and absorptions that make our perception of
matter remain surface. In other words, light has a poor
competency to penetrate the biological environment, as
opposed to other radiations that could be commonly used in
medical imaging for instance. So why is optical bioimaging the
subject of so many new studies and developments?
A basic answer could be summarized by the maxim “Seeing

is believing”, which is certainly the driving force behind optical
bioimaging. For centuries (!), the whole field has pushed this
concept to enlarge and resolve novel details of the specimens
in order to go beyond our naked eye perception. This
engendered the advent of optical microscopy, a simple
instrument which conception has not fundamentally evolved
since the first compound microscopes. The early motivation
has been directed to the observation of biological specimens in
order to reveal substructures that were too small or unbedewed
into complex features. The term of cell has been coined

immediately after their observation through an optical
microscope back in the XVIIth century.1 Improvements of
optical microscopes next aimed at augmenting the content of
information obtained, which encompasses for instance our
ability to gain specificity within images. In this context, several
notions that are often intricated can be distinguished:
resolutions, sensitivity and selectivity/contrast, and finally
biological relevancy.
Different types of microscopies (not related to light) can

reach ultimate resolution, down to the molecular or even the
atomic scale. This is the case of electron microscopy, which has
made fascinating progress over the last decades.2 So why would
it still be useful to advance the field optical microscopy? The
answer might seem trivial: no current approach allows imaging
(resolving) molecular features in live complex organisms, and
optical bioimaging is a promising route for combining
ultrahigh resolution with live specimen imaging.
With our point of view, we will focus on what remains to be

done to push the limit of the sample knowledge, in particular,
to allow molecular scale studies with optics. Indeed, the
molecular scale directly triggers structure, function and
organization in cells and it is one of the key scales to analyze
and understand biological matter. To attain such scales, the
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pioneer studies have been performed on isolated and fixed cell
samples. Yet there is a growing need to perform experiments in
more physiological conditions with living and 3D samples
(including tissues, in vivo, ...), although there is still a long way
to go to study intact samples or organisms.

■ NONEXHAUSTIVE SHORT REVIEW OF THE
BIOIMAGING FIELD: PUSHING FUNDAMENTAL
LIMITS

As any investigation modality, optical bioimaging comes with
fundamental and practical limitations. The last decades have
seen an impressive amount of achievements that pushed away
these limits. We will discuss here three main directions taken
by difference communities in optical biological imaging: the
quests for molecular scale resolution in fluorescence
microscopy, the design of minimalist biological systems, and
the advances in label-free imaging.
Super-Resolution Microscopy. The case of resolution is

emblematic to the considerable progress in the field of
fluorescence microscopy. Since the 19th century, it is known
that the resolution of optical microscopes in the far-field
imaging is ultimately limited by the diffraction of light which
reaches the common limit of ∼λ/2 with high-numerical
aperture objectives.3 In order to circumvent this limit in
fluorescence microscopy, several strategies have been pro-
posed, and proof of concepts started to emerge in the 1980−
90s.4,5 Two general approaches can be distinguished. On the
one hand, some methods rely on the concept of aperture
synthesis, as commonly used in radars. With this concept in
optical microcopy, a structuration of the excitation light is used
to introduce some a priori knowledge and encodes high
frequencies around a known (or deducible) frequency in the
band-pass of the microscope.6 On the other hand, a large
family of methods have in common to introduce some a priori
knowledge that the number of emitters or the volume of
emission can be precisely controlled akin multiphoton/
nonlinear microscopy. This is realized by driving locally
emitter fluorescent state populations5 or by reducing the
densities of fluorescing probes at any given time. The concepts
behind these methods are coined under the general term
“super-resolution microscopy”.
Localization methods, which are based on the detection of

isolated single molecules7 and their subwavelength localization,
rely on a concept that is well-known in interferometry and
spectroscopy. Namely, the precision reached in determining
the central position of fringe (or line) is only given by the
signal-to-noise ratio at which this fringe can be determined8

and not its intrinsic width (often given by λ/2). For instance,
the precision of atomic clocks relies on this principle.9 The first
propositions to achieve localization super-resolution micros-
copy were directly rooted in these considerations, and the
initial demonstration can be attributed to Van Oijen et al. in
1998,10 where the authors were able to 3D resolve several
fluorophores within a confocal volume at cryogenic temper-
atures. Later, the real advent of super-resolution microscopy at
room temperature11−13 benefited from a combination of
progress in laser beam engineering, spectroscopy, and
photocontrol at the single molecule level or on fluorescent
probe chemistry,14,15 to name a few.
Alternatively, to reduce the volume of emission beyond

confocal microscopy, super-resolution methods like Stimulated
Emission Depletion (STED) or REversible Saturable OpticaL
Fluorescence Transitions (RESOLFT) microscopies (and

related techniques) use nonlinear manipulations of emitters
fluorescence properties in the confocal volume.16 These
approaches are now routine in many applications, including
3D imaging of complex structures. An elegant evolution of
these methods, Minflux, allowed minimizing the excitation
levels to reduce emitter fluorescence fatigue down to minimum
levels. By achieving single molecule localization by triangu-
lation, Minflux bridges these methods with SMLM.17

Many articles and reviews provide an excellent overview of
super-resolution approaches, including methodological de-
scriptions, comparison of their performances and applications
(e.g., refs 18−21). As of today, these methods reached
exquisite resolutions, even in 3D, but with one major
constraints in the context of bioimaging: the samples need to
be “optically simple”, that is, inducing minimal light scattering,
absorption, or spatiotemporal optical aberrations. In practice,
super-resolution imaging has been extremely performant to
study minimalist biological systems (Figure 1).

Bioimaging in and of Minimal(ist) or Optically
Simplified Samples. Many developments of bioimaging
strategies aiming to decipher basic biological processes have
been strongly accelerated by the physicist methodology
consisting in using minimalist systems to gain full control of
the observable under study. To this end, biological samples
have been purified and extracted from their complex
environment to isolate basic components (proteins, DNA,
phospholipids, etc.).
This has allowed the mechanistic study of, for example,

molecular motors,25 DNA−protein interactions26 in recon-

Figure 1. Super-resolution fluorescence microscopy of nuclear pore
complexes with different modalities: STED microscopy (a), compared
with confocal microscopy; STORM microscopy (b); DNA PAINT
microscopy (c, d). Comparison to electron microscopy using negative
staining. Republished with permission of Company of Biologist Ltd.
from ref 22. Copyright 2012 The Company of Biologists, permission
conveyed through Copyright Clearance Center, Inc.; Adapted with
permission from ref 23. Copyright 2019 John Wiley and Sons,
https://creativecommons.org/licenses/by/4.0/; Reprinted with per-
mission from ref 24. Copyright 2013 Elsevier.
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structed systems. In such pure systems, single molecule
fluorescence microscopy resolutions were first developed and
have become the working horse for many applications.27 On
the methodological point of view, researchers pushed the
performance of the optical microscopes to their paroxysms in
terms of resolution and sensitivity reaching for instance
subnanometer resolutions at high temporal resolutions as
discussed above. In order to study basic molecular functions
and interactions, advanced fluorescent microscopy methods
where developed like fluorescence lifetime imaging, fluorescent
energy transfer microscopy, or fluorescence correlation spec-
troscopy, which all rely or necessitate on a perfect under-
standing of fluorescent photophysics at the single-molecule
level. In purified environments, single protein movements
could also be detected label-free with interferometric scattering
microscopy28 (see also below).
A more complex situation already deals with the study of

molecular mechanisms in isolated cells. Yet, recent develop-
ments in imaging methods applied on fixed cells have been
among the most fascinating in recent years. This is because
plated cells, although more complex in terms of biochemistry/
number of components than purified systems, remain optically
inert in terms of optical aberrations, light scattering, and
absorption. Single-cell analysis is the natural playground for
todays most refined approaches in high resolution (i.e.,
molecular scale) microscopy, including 3D super resolution
microscopy and lattice light sheet microscopy, for instance.
This field is now reaching maturity.29

Importantly, all super-resolution methods require a long
imaging time, and the study of live cell processes are thus
challenging at molecular resolution. A common compromise
consists of accepting sparsity by, for example, restraining the
imaging zones or tracking individual molecules at low densities
(eventually using photoactivation strategies) to ensure high
localization precisions (typically 10−50 nm in live cells). When
resolutions around 100 nm are sufficient, the approaches based
on structured illuminations allow studying larger and denser
zones.
The next degree of sample complexity arises when

assemblies of cells are imaged (including tissues extracts,
organoids, or whole organs). As will be discussed below, one
main challenge arises from the difficulty to form a correct
image through thick biological samples. At super-resolution
scales, the problem arises already with few microns thick
sample at visible wavelength. Additionally, imaging thick
samples demands for 3D which is even more complex in
super-resolution imaging regimes.
Interestingly, refractive index matching between the sample

and the medium has been used for decades to improve the
image formation in complex systems at depth. When applied to
bioimaging, the ultimate approach has been developed when
whole organs or even organisms (e.g., rodents) could be
chemically cleared. Such transparisation methods (in fixed
samples) allowed volumetric imaging of fluorescently labeled
samples.30 Along the idea of a chemical manipulation of the
sample’s properties prior to imaging, expansion microscopy has
recently made it possible to recover molecular scale structural
information (akin super-resolution imaging) but with standard
diffraction-limited imaging methods.31 This is obtained by
physically swelling the sample under study (inherently fixed in
a matrix) and rescaling the image obtained with the a priori
knowledge of the physical expansion applied to the sample and

taking into account distortions that might have been
introduced during the expansion process.
Label-Free Bioimaging: Back to the Origin of

Microscopy. At the origin of optical microscopy label-free
or colored samples were studied. Zernike phase-contrast
microscopy and Nomarski differential interference microscopy
were major milestones in the study of living matter.
Fluorescence and nonlinear light−matter interaction only
appears in the 1970s, but rapidly became the standard for
biological sample imaging, chiefly thanks to the molecular
specificity obtained in the images. However, fluorescence
imaging has intrinsic limitations. Indeed, the inevitable
alteration of the sample when imaged via fluorescence, due
to both labeling and phototoxicity, remains a major issue, and
the photoinstability of fluorescent probes limits quantification
and long duration imaging.
Interferometry and in particular Michelson/Mach-Zender or

Mirau interferometer have been implemented in microscopy in
the 1950s.32 Yet, the democratization of quantitative measure-
ments from interferences occurs in the 1990s with the
accessibility to a matrix sensor and desktop computational
capabilities. Moreover, the impressive improvements in sensor
capability (including sensitivity, low noise, speed, and linearity)
in the last 20 years have unlocked new horizons for label-free
imaging. Coupled with real-time numerical signal processing,
proper quantification allowed useful biophysical information to
be extacted. This principle has been extensively applicable
while keeping a very limited photon budget on the sample (the
photons detected are the photons used to illuminate),
especially when compared to fluorescence imaging. Initiated
with digital holography,33 quantitative phase imaging is now a
field of research in life sciences, but also in nanotechnologies
when the sample cannot be labeled.
The core idea of quantitative phase imaging is to measure

the distortion of the wavefront and the attenuation of light due
the interaction with the sample itself. This measurement,
usually in a single photon interaction regime, can be achieved
in various manner. A reference arm (without the sample) can
be used to interfere with the light that had interacted with the
sample: this is the way holography is working. Self-reference
methods can also be implemented: in this case the probed light
is analyzed with respect to itself−either numerically or in an
interferometric manner. In this case, usually, only gradients of
the phase signal rather than the signal itself are measured, but
it grants the capability to be performed without precise
knowledge and control of the light source. The easiest way to
obtain such a measurement without a priori knowledge about
the sample is to record intensity images with various defocus
and to invert the light propagation equation to retrieve the
wavefront of the light.34 Modification of differential interfer-
ence contrast, Zernike phase-contrast or other phase-related
contrast-only methods (e.g., Hoffman contrast) have been
proposed to reach quantification and not only contrast.35

Finally, wavefront sensor-based detection can also be used to
perform quantitative phase imaging36 with the interest of being
a very compact and stable method, adapted to any microscope
and objectives.
Quantitative phase imaging has many biological applications,

including dry mass measurements, temperature variation
mapping, ion flux in living cells, cellular identification, and
noninvasive characterization. It is of great interest when
coupled with fluorescence imaging to unravel the biological
context of the fluorescence measurement (Figure 2). It also has
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applications in material sciences to characterize surface and
nanoparticles and chemistry to follow the reaction via the
refractive index changes.

■ SOME NEXT CHALLENGES: PLACING THE
COMPLEX SAMPLE AT THE CORE OF THE IMAGE
AND ENSURING QUANTITATIVE MEASUREMENTS

We believe that one big challenge in current bioimaging will lie
in our capacity to discern what biological reality applies to the
enormous amount of knowledge accumulated at ultrahigh
spatiotemporal resolution in the minimalist systems mentioned
above. In other words, one now needs to make the inverse
routes where starting from minimalist systems, we need to
reintroduce the native environment up to that of intact
specimens. This means that we now need to put the
complexity of the sample back into the heart of both the
investigation and the development of optical instrumentation
at high resolution; A corollary to this is that the native
environment of the biological system under study must not
only be present (even if not detected), but also ideally be
imaged and taken into account to finally apprehend its impact
on the system under study. The task becomes vertiginous and
might even seem counterintuitive related to the quest for
imaging molecular processes with high specificity, which
triggered our habit to isolate particular processes from their
environment in order to be deciphered.
Physicist can use (and are already using) a rigorous

methodology in this quest, injecting a controlled amount of
environmental complexity, starting from molecular processes,
studied in cells to organs. Several optical challenges come with
the complexification of the samples under study. The first one
being to attain high resolution imaging in thick (poorly
optically transparent) samples.

As mentioned above, some molecular resolution optical
studies made on whole organs appeared in the 2010s thanks to
the development of chemical processes inducing tissue
clarification or allowing expansion microscopy or even their
combination. However, super-resolution microscopy is difficult
to implement at depths in tissue samples while maintaining
compatibility with living organisms. Indeed, the complexity of
the biological tissue prevents good light transmission,
generating light absorption and scattering responsible for
signal loss as well as optical aberrations, inducing distorted
images.
Resolution and Specificity in Label-Free Imaging;

toward Functional Imaging. Label-free imaging techniques
and, in particular, phase-contrast and quantitative phase
imaging techniques have two major drawbacks when compared
to fluorescence imaging: they lack resolution and (molecular)
specificity. Although not talking about super-resolution
imaging techniques, phase imaging is generally performed
with wide-field coherent illumination, which leads to a lateral
resolution of about twice less than fluorescence lateral
resolution (even worse in the axial direction). Many
approaches have been developed to reach the incoherent
imaging resolution, and the most used is diffraction
tomography via multiple angle sequential acquisition.38 Other
methods, including direct incoherent illumination, have also
been proposed to match the fluorescence wide field. It is
currently an important field of research, since this incoherent
resolution is a threshold to reach in order to consider
developments of actual label-free super-resolution methods. Of
course, major adaptation from fluorescence super-resolution
methods is then required in label-free but, currently, single
particle tracking has already been demonstrated with
holography on plasmonic or high-refractive index particles,39

and interferometric scattering microscopy has been used to
track single nonfluorescent single proteins.40 Generalized

Figure 2. Living cell (mouse embryonic fibroblast) observed with (a) fluorescence imaging (mitochondrial labeling), (b) transmission intensity, (c)
quantitative phase, (d) phase contrast (simulated from (c)), and (e) differential interference contrast (simulated from (c)). The setup used is
described in ref 37.
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methods to perform 3D super-resolution imaging without
labeling will be a major milestone to unlock versatile
application in living and preserved samples. Tissue imaging is
also an important current field of research in the field.
The lack of molecular specificity, sensitivity and selectivity

are also an intrinsic current limitation of label-free imaging.
Indeed, by essence, the recorded signal rises from refractive
index mismatches in the sample which are at the first order
only depending on the local mass concentration of molecules
and not the type of molecules, especially for biological
compounds.41 However, it has been demonstrated that when
coupled with image information, the identification of certain
organelles, even cytoskeleton37 is possible thanks to structural
a priori information. Recently, the development of machine
learning has paved the way to a generalized cell compound
identification.42 Although still being far from molecular
specificity, it is a major milestone in this quest. To directly
extract molecular specificity, label-free nonlinear spectroscopy
has also triggered intense and prolific research focused on
understanding the light/matter interaction of vibrational
modes of molecules. Although penalized by weak signals, low
readout speed, and thorough signal processing, this fascinating
field of research, from spontaneous Raman scattering to
stimulated Raman spectroscopy, is attracting highly deserved
attention for bioimaging with application in biomedicine, for
example, for cancer and drug characterization.43 Interestingly,
machine-learning approaches are also becoming increasingly
important to help analyze Raman spectral data in such
methods.44

Functional imaging is also a current important field of
research for label-free imaging. In 2010, a pioneer work has

been performed showing that ion fluxes can be monitored with
digital holography, the signal being carried by the change in
refractive index due to osmotic equilibrium.45 By improving
the acquisition framerate (1 kHz) and the sensitivity, Ling et
al. have demonstrated that even action potential firing can be
label-free monitored with interferometric imaging.46 Using the
temporal fluctuation of the signal, dynamic optical coherence
tomography can be applied to reveal metabolic information in
living tissues.47 The intrinsic noninvasive capabilities of label-
free methods and the high-temporal sensitivity will make them
essential tools for living sample characterization.
Imaging Thick Samples: Off-Axis Microscopy and NIR

Super-Resolution Microscopy. Bioimaging at high reso-
lution within live organisms inherently implies that one can
image through multicellular and tissue specimens. Unfortu-
nately, this quest has been primarily hampered by the poor
light penetration depth in most mammalian specimens, which
are basically opaque at visible wavelengths (typ. 400−700 nm)
where most fluorophores and detectors are effective. Contrast
and resolutions are then degraded when imaging depth
increases as a result of photon scattering and absorption by
the tissue.
A well-known approach to ensure reasonable contrast in

thick samples consists of restricting the excitation beam to
well-defined and controllable regions. This is first the case of
confocal microscopy and its nonlinear variants (see dedicated
reviews, e.g., refs 48−50), which have produced impressive
achievements, for example, in neuroscience, often driven by
technology developments (lasers, adaptive optics, etc.).
Another class of approaches which also rely on volume
excitation control, holds great promises for the future of the

Figure 3. Near-infrared bioimaging with nanoparticles. (a, b) The different near-infrared (NIR) region biological transparency windows. (c) NIR in
vivo imaging of colon cancer mouse model tumors injected with rare-earth nanoparticles. (c, d) NIRII single particle tracking of single wall carbon
nanotubes (SWCNTs) in complex environments (d: schematics) allow the measurement of super-resolved maps of the extracellular space in live
brain slices. Reprinted with permission from 52. Copyright 2009 Springer Customer Service Center GmbH: Springer Nature; Adapted with
permission from ref 53. Copyright 2021 Springer Nature, https://creativecommons.org/licenses/by/4.0/; Reprinted with permission from ref 56.
Copyright 2019 Springer Customer Service Center GmbH: Springer Nature; Reprinted with permission from ref 60. Copyright 2017 Springer
Customer Service Center GmbH: Springer Nature.
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field: they are coined under the initial demonstration of single
plane illumination microscopy (SPIM).51 The main concept
behind SPIM is to get free from the common idea that
illumination and detection should share the same optical axis.
By using orthogonal or multiorientational excitations schemes,
SPIM has opened additional degrees of freedom for handling
complex, thick biological samples. The concept is now being
generalized (and coupled) to multiview detection schemes
aided by smart computational reconstructions, which allows to
generate unmatched imaging data of live organisms. However,
these approaches are intrinsically limited in resolution to the
diffraction limit in the best case and to micrometer scales in
the presence of strong light scattering and aberrations.
The limitations induced by photon scattering and absorption

by the tissue at visible wavelengths have long been known as
the optimal wavelength ranges for improved light tissue
penetration were identified in the near-infrared NIR region
typically between 800 and 1800 nm. In fact, several subregions
have different properties52,53 (see Figure 3) when considering
the combination of scattering by the tissue components (which
decreases with increasing wavelengths) and light absorption,
including by water (which increases with increasing wave-
lengths and displays some specific absorption bands).
A recognized strategy thus emerged over the last decades to

adapt the imaging modalities to the different NIR windows. It
relies on nonlinear microscopy techniques. The basic idea
being to benefit from nonlinear light−matter interaction to use
NIR excitation (multiphoton fluorescence, harmonic gener-
ation) while using “regular” detectors and fluorophores
operating in the visible range. As mentioned above, the
approach is highly effective, with impressive developments
obtained over the last years, notably in the case of three-
photon microscopy50 owing to the development of pulsed laser
sources in the NIR IIa (∼1300 nm) and NIR IIb (∼1600 nm)
regions. Several limiting factors accompany such approaches, in
particular, the need to use energetic pulsed sources and to
perform point-scanning microscopy, which impede high
imaging rates.
Encouraged by the development of sensitive and affordable

detectors in the NIR (especially based on InGaAs sensors), a
current challenge consists of designing contrast agents that can
absorb and luminesce in the near-infrared. In this case, both
(one photon) excitation and emission would benefit from the
NIR windows. This blooming and promising field of research
gathers chemists and spectroscopist for the design and
synthesis of novel infrared fluorophores having bright emitting
properties or nanotechnologists to generate and shape the
optical properties of NIR infrared emitting nanoparticles.54,55

One can cite the design of NIR quantum dots54 (e.g., based on
PbS or CdTe) and rare-earth nanoparticles,56 as well as the
recent development of gold nanoclusters with bright emission
at 1000−1500 nm.57 Another type of NIR-emitting nano-
particle, namely, single wall carbon nanotubes (SWCNTs)
deserve particular attention for their exquisite potentialities in
the context of high-resolution deep tissue imaging.58,59 Indeed,
SWCNTs combine high photoluminescence brightness and
perfect photostability, NIR spectroscopic tunability in the
different NIR windows, nanometer diameter, and tunable
lengths, allowing morphological adaptability and could thus
demonstrate promising applications in advanced bioimaging.60

All aforementioned NIR-based imaging modalities come
with one inherent limitation, namely, that the resolution is
linearly linked to the wavelength. Imaging at longer wavelength

is thus accompanied by a degraded resolution which can be
detrimental when molecular resolutions are targeted in live
biological specimens. A next opportunity in the field will thus
to marry super-resolution microscopy with NIR imaging.61 Of
note, most organic NIR fluorophores do not compete with
visible fluorophores in terms of brightness, which is however a
decisive asset for super-resolution microscopy methods. Along
the same line, it will be interesting to develop photo switchable
NIR emitters for SMLM strategies. In this context, the design
of such emitters based on (truly) NIR organic fluorophore or
autofluorescent proteins would be decisive. Interestingly, our
group showed that SWCNTs can offer a promising route for
this quest. We developed two distinct strategies gathering
SMLM approaches and SWCNT imaging. In the first one, we
relied on single particle tracking concepts, where the
superlocalizations of a single emitter are gathered along its
diffusion in a complex structure.62 The approach can reveal the
nanometer scale architectures of a living tissue when the
emitter is bright enough to be detected at the single particle
level inside the specimen (in the biological window), perfectly
photostable and able to explore extensively its environment.
SWCNTs fulfill all these requirements due to their NIR
photophysical properties and 1D morphology, and they were
applied to image the extracellular space of living brain tissue at
unprecedented depth at nanoscale resolutions.60,63 The second
strategy is based on the design of photoswitchable hybrid
nanomaterial emitting at 1065 nm. The design consists of
SWCNTs covalently functionalized with spiropyran-merocya-
nine, which opens the route for photoactivated localization
microscopy in the biological windows.64

A lot of improvements are expected to expand the
capabilities of NIR super-resolution microcopy, whether from
nanostructure engineering like, for example, carbon nanotubes
and quantum dots or from organic dye and protein
developments. We can also envision that multiphoton
approaches with NIR emitters become instrumental in this
quest.
Probes for Function. Apart from the development of

brighter and more photostable biological probes for
fluorescence microscopy, we would like to briefly highlight
the immense range of opportunities that will be available in
bioimaging when efficient probes that are sensitive to their
environment will be generated. We foresee that a large variety
of physiological parameters will be attainable soon, such as pH,
ionic concentrations, calcium, and analytes, but also different
fields, such as electric, magnetic, or temperature, for instance.
Many are already being developed, and when progress will be
made to allow immersing them in a live specimen and imaging
them at high resolution therein, the range of application and
impact should be colossal.
In this expedition, fluorescent SWCNT represent again an

archetypical platform owing to their high chemical sensitiv-
ity65,66 coupled with NIR imaging capabilities that can be
engineered for analyte sensing.67,68 Several groups dissemi-
nated on the globe are working in this direction with
demonstrations to sense, for example, proteins,69 neuro-
transmitters,70 arsenic,71 and plant pathogens.72

Another class of nanomaterials provide promising routes
namely NV centers in diamonds73,74 as, for example, local
temperature or magnetic optical sensors, owing to the presence
of permanent spins that can be manipulated by light. Other
probe developments with sensing capabilities will include
fluorescent protein engineering or organic molecules.
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Correlative Imaging. The quest for a unique imaging
technique that can solve all problems is a chimera: advantages
always come with drawbacks. We consider that multimodal
imaging between complementary techniques is a key pathway
for a better understanding of biological processes. A very basic
example of that is the combination of fluorescence and label-
free imaging. Indeed, fluorescence imaging can provide
molecular specificity, but it is very challenging to perform
long duration imaging without perturbing the sample and with
a stable signal/noise ratio. Moreover, complementary staining
and spectral multiplexing can be used to detect the cells and
see the environment of the molecules interest. On the other
hand, label-free imaging has an intrinsic poor specificity, but
gives an overview of the whole sample structures. It is a highly
stealthy method, to the sample point of view, and it provides
stable-in-time signals essential for long duration imaging even
at high framerate. Merging these two modalities greatly
enhances the information retrieved from the sample. This is
just one example of two complementary methods.
It is very efficient to perform not only multimodality, but

also correlative imaging. To our opinion, we define the frontier
between multimodal and correlative imaging when the
complementary information from each modality are merged
into one unique method with observables impossible to obtain
otherwise. As an example, photoacoustics gives subcellular
resolution at unprecedented depth (mm) by merging the
signature of the acoustic wave into the photonic signal. We are
convinced that novel correlative imaging approaches will be
created in the future thank notably to the progress in
computational imaging (including machine learning and
high-resolution light shaping).

■ CONCLUSION
This Perspective was conceived as our view of a dynamic
research field, bringing together a wide range of researchers
motivated by fundamental, engineering, or application
questions in topics where optics and photonics are the core
discipline. We thus deliberately constructed it as less of a
review and more as a stimulating call for ideas to face some
challenges that we identified through our own practice of
physicists evolving in multidisciplinary environments. In a
nutshell, we shared our conviction that after having pushed the
fundamental limits of optical microscopy to exquisite levels of
resolution and sensitivity, an important challenge of this
research field will now be to apprehend the complexity of
biological samples. This will allow the placement of these
samples at the core of the imaging processes and to ensure
quantitative measurements.
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